Earlier experiments have shown that the evolution of postponed senescent populations can be achieved by selection on either demographic or stress resistance characters. Both types of selection have produced results in which survival characters (stress resistance and longevity) have apparently traded-off against early-life fecundity.
One of the major issues in research on life-history evolution is the relationship between trade-offs inferred from responses to selection and trade-offs inferred from responses to phenotypic manipulation (Partridge and Harvey, 1988) . Reznick ( 1985 Reznick ( , 1992 among others (e.g. Rose et al., 1987) has argued that hypotheses about the role of trade-offs in evolution depend critically on the effects of alleles, which may be different from the physiological interactions that might give rise to a phenotypic trade-off. One factor that has limited the pertinence of this debate is the relative lack of experimental systems in which both genetic and non-genetic trade-offs have been delineated.
Laboratory evolution of life-history in Drosophila melunogustrr has been extensively exploited in the study of evolutionary genetic trade-offs (e.g. Rose and Charlesworth, 1980; Rose, 1984; Luckinbill et al., 1984; Service and Rose, 198.5; Luckinbill and Clare, 1985; Service et al., 1988; Hutchinson et al., 1991) . In addition, there have been a number of Drosophilu experiments that indicate considerable phenotypic plasticity for life-history characters under environmental manipulation (Partridge and Farquhar, 1981; Partridge, 1987; Partridge et al., 1986 Partridge et al., . 1987 Luckinbill et al., 1988; Service, 1989 ). An obvious strategy, given these results, is to attempt to identify common patterns in these two types of experiment, and then seek mechanisms uniting the genetic and manipulative findings.
A central theme of many theories concerning evolutionary and other tradeoffs is that of energetic allocation (e.g. Gadgil and Bossert, 1970) . In the context of life-history evolution, the phenomenon of energetic allocation has surfaced in research indicating the role of allocation of energetic reserves, specifically lipid and glycogen, between survival and reproductive functions in the evolution of postponed aging in D. mdunoguster (Service, 1987 (Service, , 1989 Graves et al., 1992) . But possibly analogous phenomena arise in the dietary restriction literature of gerontology, in which reduction in the caloric intake of rodents appears to give rise to increased longevity as a result of a shift of resources from reproductive activity to adult survival (Holehan and Merry, 1985; Masoro, 1988; Rose, 1991) . This parallelism suggests the possibiliy that genetically-mediated allocation of energetic reserves in D. mrlunogu.ster could proceed by similar mechanisms to those of nutritionally-mediated allocation, as in rodent dietary restriction. A problem facing this hypothesis is that dietary restriction in Dro.sophi/u has given inconsistent results, with some failures to discover any apparent enhancement of longevity with dietary restriction (e.g. Le Bourg and Medioni, I99 I ). Therefore, exploration of this possible line of research connecting plasticity and evolutionary response via energetic metabolism requires elucidation of the nature of dietary restriction responses in D. melunoguster.
In this article, we report dietary manipulation experiments with D. melunogust~~r that appear to mimic both evolutionary trade-offs between survival and reproduction as well as the phenotypic trade-offs observed in rodent caloric restriction, at least with respect to some characters. In addition, we present evidence that energetic metabolism determines at least part of the phenotypic trade-off between survival and reproduction in these populations.
Methods and materials
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The Drosophilrr populations used in these experiments were all derived from a South Amherst, Massachusetts, population sampled by P. T. Ives in 1975, this population being designated "IV". This population has since been maintained on two-week discrete generations with abundant food at 25 C and census populations of at least one thousand adults per generation. In 1980, ten populations were derived from the basal IV stock: five replicate "B" populations. maintained in the same fashion as the IV stock, and five replicate "0" populations selected for later reproduction by extension of the total generation-time to IO weeks, as outlined in Rose ( 1984) . In 1988, ten additional populations were derived from the 0 populations. Five of these were selected for desiccation resistance in cages ("D") and five of these were controls handled in parallel except for the absence of desiccation induced motality ("C") (Rose et al., 1990) . The D populations evolved greater desiccation resistance (Rose et al., 1990) and longevity (Rose et al., 1992) relative to the C populations. The total generation time of both D and C populations is about three weeks. All cultures are given banana-molasses medium for larval growth, as in Rose ( 1984) .
Since the imposition of radically different selection regimes can create parental etfects, in all experiments the populations were sampled and placed on a common two-week cycle for two generations, after the fashion of the B populations.
Egg collection for the experimental flies was done from these synchronized population samples over 24 hours. and the larvae were then reared at 25 C at a density of 60-80 per vial, each vial containing approximately five mL of food. When the adults began to eclose, the earliest to emerge were discarded and collection of adults for assay proceeded over the next 24 hours, at approximately the peak of the emergence distribution.
Reported age of the adults is from emergence + 12 hours.
Age-specific mortality and fecundity were assayed as in Rose ( 1984) except as indicated below. Starvation resistance was assayed using the procedures of Service et al. (198.5) except that a single mated pair of flies were starved together in each assay vial.
All statistical comparisons proceeded using the means of populations as basic observations, since our hypotheses concern those means, rather than the phenotypes of individuals. Given this procedure, the distribution of individual phenotypes within populations are not tested for normality. The distribution of population means cannot be usefully tested because of the small number of populations per treatment, typically five.
All statistical work was carried out using STATVIEW on Macintosh computers.
Longevity and,fecundity comparisons of' B and 0, D and C populations
In these experiments, dietary manipulation involved variation in the amount of live yeast supplied to a pair of adult flies, maintained in their own vial, with daily transfer to a new vial. Two levels of yeast were used: "high", the yeast level being I .5 mg/vial, and "low", 0.15 mg/vial. The yeast paste was spread on the type of charcoal medium used in Rose (1984) in order to facilitate counting of eggs. In addition to the "high" and "low" food treatments, B, and 0, populations were subjected to a third yeast level, consisting of undiluted yeast suspension applied with a Pasteur pipette, as in Rose ( 1984) . Vials treated in this manner have stickier surfaces; the concern was that longevity differences might arise between vials with different amounts of yeast because of stickiness alone. Comparison of this treatment with the "high" yeast treatment (t-test; analysis not shown) did not reveal any statistically significant difference for longevity or fecundity. This suggests that the mechanical features of the substrate are not the primary cause of differences in life-history when yeast levels vary.
A total of 1,600 flies were used in the comparison of B and 0 populations. Each mated pair was transferred each day at the same time, with any death or escape noted and replacements being made from widows or widowers within the experiment. Fecundity data were collected from all used vials for the first I6 days. After that, daily counts continued to be made from B, and 0, vials, only. The other four populations in each treatment were counted once every four days on a rotating basis.
A total of 2,400 flies were used in the comparison of D and C populations. Only the fecundities from days three, four, and five from eclosion were counted. After day five, transfers occurred on Monday, Wednesday, and Friday, in the D/C comparison, although mortality checks were performed daily. Complete longevity records were kept for both B/O and D/C comparisons.
An experiment was performed to determine the time-course of the fecundity response to high and low nutrition. Forty mated pairs of flies from each of four populations (B,, B,, 0, , 0,) were given either high or low nutrition for seven days after adult emergence. Half of the flies from each cohort were then switched to the opposite nutrition level for three additional days. Daily fecundity records were kept for all flies throughout the ten days of observation, for a total of 1,600 observations.
Response of starvation resistance and ,flicundity to varying yeast levels in B and 0 populutions Two experiments were performed in which starvation resistance and fecundity were measured over a range of yeast levels. Four mated pairs were kept per vial Phenotypic plasticity and selection in Drosophila life-hlstory evolution prior to assay, with 20 flies of each sex being employed for each population at each yeast level for each character assayed. The total number of flies employed was 2,400. The yeast conditioning period lasted four days; results from the nutritional switching experiment. discussed below, suggest that this is sufficient time to establish the fecundity levels characteristic of a particular nutritional regime. At the end of the yeast conditioning, the flies were split into starvation and fecundity groups. The experiment used six yeast levels: 0.0195, 0.391, 0.781, 1.562, 3.125, and 12.5 mg/vial. Fecundities were measured for 24 hours of egg-laying with one pair of flies per vial against a background of yeasted charcoal food. Starvation resistance was measured by placing a mated pair of flies in a sealed and humidified vial without food; mortality was scored every 6 hours. All ten B and 0 populations were compared.
Results Figure 1 gives the average survival curves for B and 0 flies. at both high and low yeast levels. The patterns of mean longevity among lines are summarized in Table  I . Analysis of variance shows that B and 0 populations differ significantly in longevity, as do high and low yeast treatments. There are no significant interaction effects between the B/O treatment effect and the dietary treatment effect, although the three-way interaction between sex, stock, and nutrition is near the threshold of significance (P = 0.059). Figure 2 gives the daily fecundities of B and 0 females, at both high and low yeast levels. Analysis of variance of early fecundity, summarized in Table 2 , shows that B and 0 populations differ significantly, as do high and low yeast treatments. There is no significant interaction effect between the B/O treament effect and the dietary treatment effect. This result generalizes over all age-classes. For example, if WC compare daily fecundities around days 3, 15, and 30 (the imprecision about day arising from the staggered collection of later fecundity data), then the high-yeast group always has statistically greater fecundity. [Analysis not shown.] Unfortunately, the staggered data collection precludes the comparison of total lifetime fecundities, among treatments.
Temporal impuct of' dietary switching Figure 3 shows the time-course of daily fecundity for B and 0 populations that undergo switched nutrition beginning at day 7 of adult life. It takes about three days for fecundity to switch to the value characteristic of the unswitched control from the new yeast regime. The experiment was terminated at that point. This result suggests that the effect of yeast substrate upon fecundity is not simply a matter of immediate response to some environmental stimulus, such as the perceived value of the medium for the larval development of eggs that the female might lay upon it. It seems more plausible that the fecundity changes as a result of different levels of nutrition taken up from the substrate. Figure 4 gives the average survival curves for D and C flies of both sexes, at both high and low yeast levels. Three-way analysis of variance of the data summarized in Table 3 shows that D and C populations differ significantly in longevity, as do high and low yeast treatments. There is no significant interaction effect. Table 2 ).
.Efl~~t.s of dietary restriction on curly fticundiry in D und C populurions Table 4 gives the early fecundities for D and C females, at both high and low yeast levels. Analysis of variance shows that D and C populations differ significantly in fecundity, D flies laying more, as do high and low yeast treatments. There is no significant interaction effect between the D/C treatment effect and the dietary treatment effect. Figure 5 shows the effect of varying yeast levels upon fecundity and starvation resistance in the ten B and 0 populations, the latter character for both males and females. These results indicate that the effect of dietary variation "saturates" at about 3.0 mg of yeast per vial. Table 5 gives the analysis of these data, at each yeast level. Evidently, the B and 0 populations differ in fecundity significantly at higher yeast levels, but not lower yeast levels. Fecundity also falls significantly from higher to lower yeast levels, below five mg of yeast per vial. All two-way interactions are Figure 6 summarizes the pattern of covariation between fecundity and starvation resistance over varying yeast levels. Both B and 0 treatments exhibit the same qualitative trade-off pattern. Quantitatively, the slopes of these trade-off's are statistically indistinguishable (two-tailed t-test on the slopes of the regressions for each of the ten populations). The data from the 0 populations are shifted upward, substantially for starvation resistance and to a lesser extent for fecundity. provided evidence for trade-offs between survival and reproduction under dietary manipulation. These invertebrate results are consistent with the dietary restriction literature for rodents, where negative associations between fecundity and longevity under dietary manipulation have been found (Holehan and Merry, 1986) . Unlike some earlier reports (e.g. David et al., 1971; LeBourg and Medioni, 1991) but like some other studies (e.g. Partridge et al., 1987) we have found that restricting the level of available nutrients can give rise to increased longevity, in association with reduced fecundity. This effect arises over a range of four different types of laboratory stock, for a total of 20 populations. Some part of the mixed success of earlier studies on Drosophilu may be owing to methodological differences, but a deeper point may lie in specific plastic responses to constant vs. temporally variable environments. LeBourg & Medioni (1991) manipulated food levels by alternation of feeding and starvation, while David et al. (1971) used a dilution of stock medium; both studies found a reduction in lifespan under the dietary restriction treatments, despite a reduction in fecundity. Interestingly, the early report of Alpatov (1930) found an absence of increased lifespan with reduced surface yeast, in both males and females, but an increased lifespan in males with provision of new medium every other day compared with provision of new medium every day. It is intuitively obvious that over-reduction of food levels will lead to a reduction in lifespan, for starvation time is merely longevity in the absence of food. In earlier experiments of our own (data not shown), using the same methods as those reported here, it was found that for extremely low-levels of yeast inoculate both longevity and fecundity were reduced. Similarly, McCauley et al. ( 1990) found a threshold level of feeding for Duphniu above which longevity increased over a range, and then declined again at higher levels. In the work of Kaitala ( 1991) waterstriders showed extended lifespan in a temporally fluctuating, low average food, environment, but not in a constant low food treatment. Such inconsistencies make broad taxonomic generalizations impossible. It is notable that the two Drosophila studies that do agree used similar methods, ours and that of Partridge ( 1987) ; a constant level of yeast added to the medium does affect the phenotypic trade-off with an extension of lifespan under lower-food conditions. Thus different experimental treatments may account for the considerable variation among previous publications on the effects of dietary restriction in Drosophila. On the other hand, variation between Drosophila stocks could be involved, particularly if stocks have been so inbred that normal forms of phenotypic plasticity have been destroyed. The present study does not provide any basis for discriminating among these, or other, hypotheses for dietary restriction findings from diverse laboratories.
Dietql restriction and the evolutionary trade-of hetM,een ,fkundit~v und longecit!, Clearly, dietary restriction can greatly reduce fecundity through the early and middle part of the life span, as well as reducing the total egg output. Associated with this is an increase in lifespan. In previous work with Drosophila, both ours (e.g. Rose, 1984) and that of others (e.g. Luckinbill and Glare, 1985) significant increases in longevity are associated with depressed early fecundity, but no overall reduction in fecundity. There is thus some degree of analogy between the effects of selection and dietary restriction, at the level of overall life-history patterns, but there is no direct parallel.
A problem in much evolutionary research is that of genotype-by-environment interaction for functional characters (cf. Stearns et al., 1991) . When genotype-byenvironment interactions arise, they can vitiate comparative studies in which different species are compared in common laboratory environments and trade-offs are then inferred from the patterns of covariation among traits over species (e.g. Schnebel and Grossfield, 1988) . In this context, a pertinent anomaly arose in the early fecundities of B and 0 stocks, as shown in Table 2 . In these data, 0 fecundity is equal or significantly higher than B fecundity. The reasons for this result are explored in Leroi et al. (in prep.) , in which it is shown that this fecundity difference involves genotype-by-environment interactions. B early fecundities are higher than 0 early fecundities under the environmental conditions normally used to culture B flies. In the present experiments, the high yeast environment corresponds to the "standard" fecundity assay used in Rose ( 1984) and subsequent publications. This standard environment more closely approximates the selection environment of the O's than the B's, It is striking that, even in laboratory selection in which many environmental variables have been controlled (light, temperature, larval density and so on), a genotype-by-environment interaction can severely complicate the comparison of populations with different selection histories. Another discrepancy between the response to selection and phenotypic plasticity is that the overall fecundity of dietarily-restricted flies is reduced, relative to that of well-fed flies. In the original B/O comparison (Rose, 1984) it was only early fecundity that was reduced in the evolution of postponed aging.
Of greater interest, in terms of parallelism between dietary restriction and selection, is that starvation resistance responds strikingly to both. Moreover, it does so in a manner which suggests just the same kind of strict trade-off between starvation resistance and fecundity, given the pattern of Figure 6 and the large magnitude of the negative genetic correlation between starvation resistance and fecundity found by Service and Rose (1985) . The self-evident hypothesis is that selection and dietary restriction might involve the same physiological mechanisms, at the organismal level. This then leads naturally to a discussion of more specific hypotheses for the relationship between life-history and physiological characters, to which we now turn.
The natural point of reference for any discussion of trade-offs is the Y-model of Noordwijk and de Jong (1985) . In this model, some resource is allocated strictly between one of just two different life-history characters, where the two characters are typically rendered as either survival or reproduction. The present findings appear to correspond closely to the expectations of such Y-models, as illustrated by Figures 5 and 6 . The increase in starvation resistance and fecundity characters in the 0 populations could be explained, in terms of the Y-model, as reflecting an increased net acquisition of energy for allocation between survival and reproductive functions. However, we have no direct evidence for any such increased resource acquisition in the 0 populations. It is also notable that B and 0 populations have similar trade-offs between starvation resistance and fecundity, despite some 350 generations of evolutionary divergence, which suggests the obduracy of this tradeoff (cf. the "structured pleiotropy" of Stearns et al., 1991) .
In the present case, the relevant resource would appear to be energy being allocated to either survival or reproductive functions. Earlier work with this system has shown that selection for late-life reproductive success causes an increase in total body lipid (Service, 1987) . Several lines of evidence suggest that starvation resistance is linked to fecundity by a Y-shaped pathway where the common resource is lipid. Starvation resistance has often been shown to correlate positively with total body lipid when larval density or diet are manipulated (David et al., 1983; Zwaan et al., 1991) . Surgical manipulations such as ovariectomy and allatectomy cause hypertrophy of the fat-body due to an increase in cellular lipid content (Butter-worth and Bodenstein, 1968; Doane, 1960a Doane, , 1961 Bownes. 1988) . Similarly, mutations such as udipose and .ft>.s, which prevent uptake of ovarian lipids, have fat-bodies engorged with excess cellular lipid (Butterworth and Bodenstein, 1968; Doane, 1960a . Females homozygous for adp also have a far greater starvation resistance than wild-type flies (Doane, I960b). There is also evidence for the involvement of the neuroendocrine system in the control of this pathway (Kelly et al., 1987; Doane, 1960a . The formation of yolk proteins and their uptake by ovaries can be curtailed by depriving tlies of nutritional protein, a response that is also mediated by neuroendocrine hormones (Bownes and Blair, 1986; Bownes et al., 1988; Bownes and Reid, 1990) . Thus the response of females to varying nutrition found here mimics that of surgery and mutations in Drosophilu in its effect on starvation resistance and fecundity. The relatively smaller response of male starvation resistance might then be attributed to differences in the gonadal lipid requirements between the sexes, complicated by differences in mating behavior (cf. Service, 1989) .
A somewhat different line of reasoning would be that variation in nutrition could induce variation in overall metabolic rate, with lower metabolic rates at lower levels of nutrition. Starvation resistance would then be increased due to a slower rate of depletion of energetic reserves. Fecundity would be reduced, due to a slower processing of metabolites into eggs. This type of effect could also arise in conjunction with an allocative shift between fat body and reproductive functions. In the context of the earlier selection experiments, this interpretation of the differentiation of starvation resistance has been refuted by the absence of metabolic rate differences between B and 0 flies at ages at which there is a pronounced difference in starvation resistance (Service et al., 1985; Service, 1987) . However, this finding may not generalize to the dietary manipulation experiments. We do not, at present, prefer one hypothesis over the other; the physiological mechanisms underlying the effects of diet and selection may or may not correspond. Does phenotypic plusticity mimic the response to selection?
One of the more intense disputes in life-history research is that between those who advocate phenotypic manipulation as a means of revealing evolutionary constraints, such as Partridge (Partridge and Harvey, 1988) and those who reject its use for that purpose (e.g. Reznick, 1992) . The present results can be viewed as supporting either side of this debate. Tn support of the manipulation approach, there are a number of illuminating parallels between dietary restriction and lifehistory evolution in our D. melunogaster stocks. Against this approach, there are important disanalogies between the two, particularly where age-specific fecundity is concerned. However, it has been possible to uncover interesting features of the evolutionary physiology of life-history from these experiments, and therefore experiments of this kind are worth performing, though their interpretation may be demanding.
Phenotypic plasticity and selection in Drosophila life-history evolution
